Introduction {#s01}
============

The HORMA domain was first identified through sequence similarity among three functionally unrelated proteins in *Saccharomyces cerevisiae*: Hop1, Rev7, and Mad2 ([@bib2]). Hop1 is a member of a conserved family of proteins termed HORMADs, which bind chromosomes in early meiosis and control many aspects of meiotic recombination and chromosome segregation ([@bib64]; [@bib98]). The multifunctional Rev7 protein (also called Mad2B or Mad2L2; here, we will use Rev7 throughout) is a subunit of the translesion DNA polymerase ζ ([@bib81]; [@bib52]), participates in mitotic cell-cycle control ([@bib70]; [@bib46]), and controls recombination pathway choice in DNA double-strand break (DSB) repair ([@bib3]; [@bib112]). Mad2 is an essential mediator of the spindle assembly checkpoint (SAC) and is the best-characterized HORMA domain protein both structurally and functionally ([@bib54]; [@bib48]). Another HORMA domain protein, p31^comet^ (also called MAD2L1BP), also participates in SAC signaling through its interactions with Mad2 and Pch2/TRIP13, a conserved regulator of HORMA domain proteins ([@bib109]; [@bib114]; [@bib96]; [@bib15]; [@bib102]; [@bib115]). Recently, two autophagy-signaling proteins, Atg13 and Atg101, were also shown to possess HORMA domains ([@bib36]; [@bib28]; [@bib92]). In all of these different pathways, the role of the HORMA domain is highly conserved, acting as a signal-responsive adaptor mediating protein--protein interactions through a structurally unique mechanism. In this review, we will outline the general structure and interaction mechanisms of the HORMA domain and discuss how these properties uniquely contribute to signaling in each family. Along the way, we will attempt to draw parallels between different HORMA domain protein families, using lessons from well-understood systems such as Mad2 to inform our understanding of the others.

Conserved structural features of the HORMA domain {#s02}
-------------------------------------------------

As of this writing, the Protein Data Bank lists 28 nuclear magnetic resonance (NMR) and x-ray crystal structures of HORMA domain proteins ([Table S1](http://www.jcb.org/cgi/content/full/jcb.201509076/DC1){#supp1}) that together reveal both common structural features and family-specific variations within the HORMA domain ([Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). The ∼200-aa HORMA domain consists of two functionally distinct regions: the core, comprising the first ∼150 aa, and the C-terminal "safety belt" region. The core ([Figs. 1](#fig1){ref-type="fig"} and [S1](http://www.jcb.org/cgi/content/full/jcb.201509076/DC1){#supp2}, gray) comprises three α-helices (αA, αB, and αC) packed against a three-stranded β-sheet (β4, β5, and β6), usually with an additional pair of β-strands (the β2-β3 hairpin) on the "back" of the α-helices (Fig. S1). The structure of the HORMA domain core is stabilized by a buried hydrogen bond network involving an arginine on αA and a glutamate on β4; these are the only two residues conserved among all HORMA domain proteins ([Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201509076/DC1){#supp3}; [@bib2]). The C-terminal safety belt region ([Figs. 1](#fig1){ref-type="fig"} and S1, light blue) can pack against the HORMA domain core in two very different conformations to produce so-called open or closed states. In the open state, the safety belt folds into two β-strands (β7 and β8) that extend over one side of the core β-sheet. In the more commonly observed closed state, the safety belt wraps entirely around the domain and forms two new β-strands (β8′ and β8″) against the opposite side of the HORMA domain core. This change enables a short peptide from a binding partner to interact with the HORMA domain core; the bound peptide is then embraced by the safety belt as it wraps around the domain ([Figs. 1](#fig1){ref-type="fig"} and S1). Because of the topological linkage of the HORMA domain with its binding partner, complex assembly or disassembly likely requires either (a) that the partner protein bind in the process of an open-to-closed conformational conversion of the HORMA domain or (b) that the safety belt transiently disengage from the HORMA domain core to allow partner binding. Mad2 is the only HORMA domain protein known to convert between open and closed states, and Mad2 conformational conversion is intimately linked with partner protein binding and checkpoint signaling (see next section). Rev7 and the meiotic HORMADs are known to bind partner proteins in a manner equivalent to Mad2 but have only been observed in the closed conformation, so the structural mechanisms behind complex assembly and disassembly in these proteins remain unknown.

![**Architecture and roles of HORMA domain proteins.** (A) Schematic illustrating how conformational changes in the HORMA domain safety belt (blue) are coupled to the binding of interacting peptides (yellow). In the open state, the safety belt occupies the peptide-interaction site. The hypothetical intermediate state would enable an interacting peptide to bind and subsequently become locked into position once the safety belt binds the opposite side of the domain. Both the safety belt and the interacting peptide associate with the HORMA domain core through β-sheet interactions. (B) Domain diagram of human HORMA domain proteins. Proteins containing verified interacting peptides for each protein are shown in yellow. p31^comet^ interacts in cis with its own C-terminal peptide, whereas the meiotic HORMADs' C-terminal closure motifs are thought to interact in trans to generate oligomeric assemblies. See [Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201509076/DC1){#supp4} for structures and detailed secondary-structure diagrams of each family.](JCB_201509076_Fig1){#fig1}

###### Structural features of HORMA domain proteins

  Protein      Open state?   Closed state?   Partner binding                                       Dimerization with
  ------------ ------------- --------------- ----------------------------------------------------- -------------------
  Mad2         ✓             ✓               Mad1, Cdc20, Sgo2                                     Mad2, p31^comet^
  p31^comet^   ---           ✓               Self-bound                                            Mad2
  Rev7         ---           ✓               Rev3 and others[^a^](#ttbl1n2){ref-type="table-fn"}   Rev7
  HORMADs      ---           ✓               HORMAD C termini                                      ?
  Atg13        ---           ✓               Atg9?                                                 Atg101
  Atg101       ✓             ---             N/A                                                   Atg13

N/A, not applicable.

Human ADAM9 and ELK1 have been shown to contain motifs fitting the consensus for Rev7 binding ([@bib23]), but the biological relevance of these interactions is not well established.

Mad2, Rev7, and the meiotic HORMADs each bind multiple different partner proteins through the previously described mechanism. Mad2-binding proteins contain similar Mad2-interacting motifs (MIMs) that fit a consensus sequence of K/RψψxϕxxxP, where K/R is a lysine or arginine; ψ is an aliphatic residue (usually leucine, isoleucine, or methionine), ϕ is a hydrophobic residue (aliphatic or aromatic), and P is proline ([Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201509076/DC1){#supp5}; [@bib50]; [@bib86]; [@bib23]). The polar K/R side chain usually forms hydrogen bonds with safety belt residues, and the first two aliphatic side chains are mostly buried by the safety belt as it wraps around the MIM sequence. The downstream aliphatic residue and the proline, whose location varies in different Mad2 binding partners, are usually observed with their side-chains buried in a hydrophobic cleft between αB and β6 (Fig. S3 B). Rev7 has a similar consensus binding sequence of xψψxPxxxpP, where p is a less well-conserved proline residue (Fig. S3 C). As in Mad2, the conserved aliphatic residues are buried by the safety belt, and both conserved proline side chains pack between αB and β6 (Fig. S3 D). The meiotic HORMAD proteins bind short "closure motifs" in their own disordered C-terminal tails to mediate self-assembly ([@bib41]). The best-characterized HORMAD closure motifs are from *Caenorhabditis elegans* and possess a pair of conserved residues (tyrosine--glycine) that, like the aliphatic residues in Mad2/Rev7, are mostly buried by the safety belt wrapping over the closure motif (Fig. S3, E--H; [@bib41]). Closure motifs from mammalian HORMADs have also been identified ([@bib41]), but comparing these sequences to those from *C. elegans* reveals no shared consensus sequence for closure motifs across different eukaryotic families.

Another common feature of the HORMA domain is dimerization, through a common interface involving helix αC and the β2-β3 hairpin ([Fig. 2, B and C](#fig2){ref-type="fig"}; and [Fig. 5 A](#fig5){ref-type="fig"}). Dimerization is usually observed between open and closed HORMA domains and plays distinct roles in different HORMA domain families. In autophagy signaling, the formation of a dimer between Atg13 and Atg101 may simply mediate these proteins' association as part of an autophagy-initiation signaling complex ([Fig. 5 A](#fig5){ref-type="fig"}; [@bib92]). In the SAC, however, the formation of Mad2:Mad2 homodimers and Mad2:p31^comet^ heterodimers ([Fig. 2, B and C](#fig2){ref-type="fig"}) is critical for signaling, playing a key role in the conversion of Mad2 between its open and closed states ([@bib54]; [@bib48]). There are strong indications that Rev7 can dimerize in at least one of its functional contexts ([@bib24]), though the exact role of dimerization in this family is unknown (see section on Rev7). The only HORMA domain protein family lacking direct evidence for dimerization is the meiotic HORMADs.

![**Structure and function of Mad2 and p31^comet^ in the spindle assembly checkpoint.** (A) Structures of Mad2 in the unliganded open state (O-Mad2; right; from PDB ID [1DUJ](1DUJ); [@bib49]) and the Cdc20-bound closed state (C-Mad2; left; from PDB ID [4AEZ](4AEZ); [@bib8]), with structural elements colored as in [Fig. 1](#fig1){ref-type="fig"}. (B) Structure of the *Homo sapiens* C-MAD2:O-MAD2 dimer (PDB ID [2V64](2V64); [@bib56]). C-MAD2 is colored as in [Fig. 1](#fig1){ref-type="fig"} and O-MAD2 is colored orange. Arginine 133 (R133), which is critical for dimerization ([@bib85]), is highlighted in green. (C) Structure of the *H. sapiens* MAD2:p31^comet^ dimer (PDB ID [2QYF](2QYF); [@bib114]). C-MAD2 is colored as in [Fig. 1](#fig1){ref-type="fig"} and p31^comet^ is colored orange. (D) SAC activation by conversion of O-Mad2 to closed, with Cdc20-bound Mad2 in the MCC. O-Mad2 is recruited to kinetochores by Mad1:Mad2, generating a C:O dimer. O-Mad2 is converted to the proposed intermediate state (I-Mad2), promoting Cdc20 binding and MCC assembly. Once the SAC signal has ceased, p31^comet^ (orange) acts as an adaptor for TRIP13 (green)-mediated MCC disassembly, allowing APC/C activation. This mechanism of SAC inactivation is not conserved in budding yeast: *S. cerevisiae* lacks p31^comet^, and its TRIP13 ortholog Pch2 functions only in the disassembly of HORMADs on meiotic chromosomes (see [Fig. 3](#fig3){ref-type="fig"}).](JCB_201509076_Fig2){#fig2}

Mad2 and p31^comet^ in the SAC {#s03}
------------------------------

To ensure accurate chromosome segregation in mitosis, eukaryotic cells monitor kinetochore-microtubule attachment through the SAC ([@bib65]; [@bib71]; [@bib45]; [@bib47]). In the SAC, unattached kinetochores catalyze the assembly of a soluble mitotic checkpoint complex (MCC) that inhibits an E3 ubiquitin ligase, the anaphase-promoting complex/cyclosome (APC/C). After all kinetochores become attached to microtubules, assembly of new MCC ceases and existing MCC is disassembled or degraded. The APC/C, directed by its coactivator Cdc20, then promotes the degradation of a defined set of cell-cycle proteins to mediate anaphase onset.

Mad2's functions in the SAC are intimately linked to the balance between the signaling-inactive open state and the active closed state, and the factors that promote conversion between these two states ([Fig. 2](#fig2){ref-type="fig"}). In prometaphase, unattached kinetochores recruit Mad1, bound through a MIM to closed Mad2 (called C-Mad2; [@bib86]). This Mad1:C-Mad2 complex is thought to stimulate the conversion of open Mad2 (O-Mad2) to the signaling-active closed state and its assembly into the MCC. This stimulation is accomplished by the recruitment of soluble O-Mad2 to the kinetochore-bound Mad1:C-Mad2 complex to form a C-Mad2:O-Mad2 dimer ([Fig. 2, B and D](#fig2){ref-type="fig"}; [@bib33]; [@bib83]; [@bib14]; [@bib56]). Dimerization subtly alters the structure of the O-Mad2 core and may lower the activation energy required to adopt a partially unfolded "intermediate" (I-Mad2) state ([@bib26]). I-Mad2 is thought to then bind a MIM in Cdc20 and refold into the C-Mad2 conformation ([@bib14]). The resulting C-Mad2--Cdc20 complex then binds BubR1 and Bub3 to form the full MCC ([@bib91]).

Once kinetochores are stably attached to microtubules, the Mad1:C-Mad2 complex is removed, halting assembly of new MCC ([@bib32]; [@bib45]). The cell now faces a new problem of how to disassemble the existing MCC to inactivate the SAC and allow anaphase onset. Recently, a mechanism for SAC inactivation through direct MCC disassembly has been described, involving p31^comet^ and the AAA+ ATPase TRIP13. p31^comet^ is a structurally unique HORMA domain protein with a stable closed-like conformation (Fig. S1 C) and forms a heterodimer specifically with C-Mad2 ([Fig. 2 C](#fig2){ref-type="fig"}; [@bib21]; [@bib55]; [@bib114]). Disruption of p31^comet^ in mammalian cells results in prolonged metaphase, implying it has a role in SAC inactivation ([@bib21]; [@bib109]; [@bib22]), and experiments in cell extracts have suggested that p31^comet^ functions by disassembling the MCC ([@bib78]; [@bib105]). Recently, p31^comet^ was found to interact with TRIP13, a hexameric AAA+ ATPase related to a large family of protein complex remodelers/unfoldases ([@bib96]; [@bib102]; [@bib115]). The two proteins together were shown to directly disassemble the MCC in an ATP-dependent manner ([@bib94]; [@bib15]). Later work showed that TRIP13 directly converts C-Mad2 to O-Mad2, likely through transient unfolding of the Mad2 safety belt region ([@bib115]). In the context of the MCC, conversion of Cdc20-bound C-Mad2 to the open state likely enables Cdc20 dissociation and MCC disassembly. It is important to note that MCC assembly and disassembly occur together throughout prometaphase, with disassembly dominating only after the SAC is satisfied ([@bib43]; [@bib100]; [@bib105]). Whether and how MCC disassembly by p31^comet^ and TRIP13 is regulated during the cell cycle is an important open question; recent findings in mammals and *Xenopus laevis* suggest that this regulation may be achieved at least partially through phosphorylation of p31^comet^ to modulate its affinity for Mad2 ([@bib13]; [@bib63]).

Although MCC disassembly is a key activity of p31^comet^ and TRIP13, these proteins may have additional roles that are not yet well understood. Recently, *C. elegans* p31^comet^ (CMT-1) and TRIP13 (PCH-2) were found to be required for SAC activation when spindle assembly is disrupted ([@bib66]). This paradoxical finding suggests that p31^comet^ and TRIP13 may maintain the soluble pool of Mad2 in a state conducive to SAC activation (that is, in the less thermodynamically stable open state; [@bib50]; [@bib66]; [@bib115]). Finally, both p31^comet^ and TRIP13 localize to unattached kinetochores in many organisms ([@bib21]; [@bib22]; [@bib96]; [@bib15]; [@bib102]; [@bib66]). This localization depends on Mad2, suggesting that p31^comet^ directly recognizes kinetochore-bound Mad1:C-Mad2, but the roles of kinetochore-localized p31^comet^ and TRIP13 remain largely mysterious.

Meiotic HORMADs: Meiotic chromosome organization and recombination {#s04}
------------------------------------------------------------------

In meiosis, cells must reduce their ploidy by half to generate gametes in preparation for sexual reproduction. Ploidy reduction requires that homologous chromosomes become physically linked by reciprocal DNA recombination events, called crossovers, in meiotic prophase. Crossover formation is controlled by a specialized structure called the chromosome axis, of which the meiotic HORMADs are a key component. In early meiotic prophase, meiotic HORMADs localize along the entire length of chromosomes and promote DNA DSB formation by the Spo11 endonuclease ([@bib53]; [@bib108]; [@bib20]; [@bib84]). After DNA breakage, meiotic HORMADs suppress recombination with the sister chromatid, thereby promoting recombination with the homolog to generate crossovers ([Fig. 3](#fig3){ref-type="fig"}). This "homolog bias" of meiotic recombination stands in stark contrast to homologous recombination in mitotic cells, where repair via the sister is strongly favored ([@bib34]). Later in meiotic prophase, assembly of the specialized synaptonemal complex (SC) along each pair of homologs is, in most organisms, coordinated with the removal of meiotic HORMADs from chromosomes ([@bib4]; [@bib106]; [@bib44]). Meiotic HORMAD removal is thought to shut down further DNA breakage by Spo11 and also alleviate the block to sister-chromosome--mediated repair ([Fig. 3](#fig3){ref-type="fig"}; [@bib106]; [@bib39]; [@bib95]). The complex signaling networks governing these activities, and the roles of meiotic HORMADs in these networks, have been nicely summarized in several recent reviews ([@bib51]; [@bib34]; [@bib90]).

![**Biological roles of the meiotic HORMADs.** Model for meiotic HORMAD assembly/disassembly at the meiotic chromosome axis. In early meiotic prophase (top), HORMADs are likely recruited to chromosomes through closure motifs in cohesin/SC proteins (pink), then self-assemble through HORMA--closure motif interactions. On chromosomes, HORMADs promote DSB and CO formation through largely unknown mechanisms. Coinciding with the maturation of COs and SC assembly in late prophase (bottom), HORMADs are removed from the chromosomes in a TRIP13-dependent manner, downregulating further DSB and CO formation.](JCB_201509076_Fig3){#fig3}

Fungi have a single meiotic HORMAD (Hop1), mammals and plants have two (HORMAD1/2 and ASY1/2), and the nematode *C. elegans* has four (HIM-3, HTP-1/2/3; [@bib29]; [@bib7]; [@bib12]; [@bib20]; [@bib106]). Although meiotic HORMADs from fungi and plants contain additional domains that likely bind DNA or other proteins ([@bib30]; [@bib42]; [@bib1]), most proteins in this family possess only an N-terminal HORMA domain and a disordered C-terminal tail ([Figs. 1 B](#fig1){ref-type="fig"} and S1 E). Recent work with the expanded meiotic HORMAD family in *C. elegans* showed that these proteins contain closure motifs in their tails (one each in HIM-3, HTP-1, and HTP-2 and six in HTP-3) and form a hierarchical complex through specific HORMA domain--closure motif interactions ([@bib41]; [Fig. 3](#fig3){ref-type="fig"}). These interactions are necessary for axis localization of HIM-3, HTP-1, and HTP-2 and as such are required for SC assembly and crossover formation ([@bib41]). Further, this mode of interaction is conserved: mammalian HORMAD1 and HORMAD2 contain closure motifs in their C termini that bind to the HORMA domain of HORMAD1 in vitro ([@bib41]), and highly conserved motifs at the C termini of both fungal and plant meiotic HORMADs (not depicted) suggest that these proteins may also assemble in a similar manner.

Recent work has provided some insight into the mechanisms for initial recruitment of HORMADs to the chromosome axis. Mass spectrometry of meiotic HORMAD complexes in *C. elegans* suggests a direct interaction between HTP-3 and cohesin complexes; as HTP-3's HORMA domain does not bind closure motifs in other meiotic HORMADs, it may bind a sequence within the cohesin complex to nucleate assembly on chromosomes ([@bib41]). In other organisms, meiotic HORMAD recruitment requires a second chromosome axis component, which may in turn bind cohesin ([@bib80]); *S. cerevisiae* Hop1 requires Red1 for chromosome localization ([@bib88]; [@bib108]), and similar dependencies on chromosome axis proteins, potentially orthologous to *S. cerevisiae* Red1, have been reported for meiotic HORMADs from both plants and mammals ([@bib19]; [@bib101]; [@bib17]). Thus, an attractive, though as yet unproven, model for meiotic HORMAD localization is that their HORMA domains bind closure motif sequences within cohesin or cohesin-binding axis proteins to mediate initial recruitment, followed by head-to-tail assembly of larger complexes on chromosomes ([Fig. 3](#fig3){ref-type="fig"}). The extent of meiotic HORMAD self-association along chromosome axes in vivo, and crucially how the resulting assemblies promote and control meiotic DSB formation and interhomolog recombination, are not yet well understood.

As mentioned previously, assembly of the SC is coordinated with the removal of meiotic HORMADs from chromosomes in many organisms. In a striking parallel with Mad2, meiotic HORMADs depend on TRIP13 (Pch2 in *S. cerevisiae*) for this removal. *S. cerevisiae* Pch2 was first identified as a protein that mediates the removal of Hop1 from chromosomes upon SC assembly, and both mammalian TRIP13 and plant PCH2 also share this function ([@bib82]; [@bib4]; [@bib106]; [@bib10]; [@bib44]). The recent finding that mammalian TRIP13 can disassemble MAD2-containing complexes, likely through direct manipulation of the safety belt, strongly suggests that meiotic HORMAD removal from chromosomes involves a similar disassembly mechanism ([@bib115]). Although meiotic HORMADs have not been shown to possess a defined open state, transient unfolding of their safety belt region by TRIP13 could nonetheless disrupt closure motif binding and mediate complex disassembly and removal from the chromosome axis ([Fig. 3](#fig3){ref-type="fig"}). How recognition of meiotic HORMADs by Pch2/TRIP13 is coordinated with SC assembly remains unknown. *S. cerevisiae* Pch2 directly interacts with Hop1 in vitro and can remove Hop1 from DNA ([@bib10]), and *Arabidopsis thaliana* PCH2 was recently shown to copurify with the meiotic HORMAD ASY1 ([@bib44]). As TRIP13 recognition of Mad2 requires that it form a dimer with p31^comet^ ([@bib115]), it is intriguing to wonder whether meiotic HORMAD recognition requires either homodimerization or binding to an as-yet-unidentified adapter protein.

Rev7: A polymerase adaptor with a secret life (or two) {#s05}
------------------------------------------------------

All cells possess specialized pathways to synthesize DNA past damaged bases using a mechanism known as translesion synthesis (TLS). In eukaryotes, TLS involves the coordinated action of DNA polymerases that can insert bases opposite a lesion ("inserter" polymerase) and then continue synthesis past the lesion ("extender" polymerase; [@bib74]; [@bib104]; [@bib81]). The major extender polymerase in eukaryotes is Pol ζ, which consists of the catalytic Rev3 subunit and the HORMA-domain protein Rev7 ([@bib52]). Rev7 is required for full activity of Pol ζ ([@bib67]) and links Pol ζ to Rev1, an inserter polymerase that also coordinates the activity of Pol ζ with other inserter polymerases (Fig. [4 A](#fig4){ref-type="fig"}; [@bib68], [@bib69]; [@bib27]; [@bib79]). Thus, Rev7 plays a central organizing role in TLS through its interactions with Rev3 and Rev1 ([Fig. 4 B](#fig4){ref-type="fig"}).

![**Biological roles of Rev7.** (A) Crystal structure of the complex between Rev7 (shown as gray "surface" representation), Rev3 (yellow), Rev1 (green), and the Rev1-interacting region of Pol κ (purple; [@bib107]; [@bib111]). (inset) Schematic version of this structure. (B) Diagram outlining the role of Rev7 and associated TLS polymerases during lesion bypass. Rev1 or an associated inserter polymerase inserts the first base opposite the thymine dimer, and Pol ζ performs the following extension step. (C) Proposed role of Rev7 as an inhibitor of APC/C-CDH1 during mitosis. Rev7 binds CDH1/FZR1, potentially through a HORMA domain--binding motif as in Mad2--Cdc20, sequestering it from the APC/C. Once APC/C-CDC20 is activated at anaphase onset, Rev7 is targeted for degradation, resulting in the release of CDH1 and its incorporation into the APC/C. (D) Role of Rev7 during DSB repair. After 53BP1 association with a DSB, Rif1 and BRCA1 play antagonistic roles to either promote end resection and homologous recombination (right branch) or instead inhibit resection, leading to NHEJ (left branch). Rev7 acts downstream of Rif1 through an unknown mechanism to inhibit resection and promote NHEJ.](JCB_201509076_Fig4){#fig4}

Human REV3 contains two REV7-binding motifs: (a) residues 1,877--1,898 and (b) residues 1,993--2,003 of 3,130 in human REV3, suggesting that active Pol ζ might incorporate two copies of REV7 ([@bib24], [@bib25]; [@bib97]). Interestingly, a reconstituted REV7--REV3^1,848--1,898^ complex forms a heterotetramer in solution, and this tetramer is disrupted by mutation of REV7 arginine 124, located within the canonical HORMA domain dimerization interface on helix αC ([@bib24]). Because mutation of the equivalent residue in Mad2 (Arg133) disrupts Mad2 dimer formation ([@bib85]), this evidence supports the idea that Rev7 can form canonical HORMA domain dimers. Our own yeast two-hybrid analysis confirms that REV7 can self-associate and that mutation of arginine 124 disrupts this association (not depicted). Thus, an attractive model is that two copies of Rev7 might bind the two motifs in Rev3 and then homodimerize. This Rev7 homodimer could promote a productive conformation of Rev3 or recruit additional proteins to coordinate TLS ([@bib97]).

Rev7 binds to the inserter polymerase Rev1 through a surface on its β-sheet face that includes β8′ and β8″, close to but not overlapping the putative Rev7 dimerization surface ([Fig. 4 A](#fig4){ref-type="fig"}; [@bib40]; [@bib107]). This interaction surface is unique among HORMA domain proteins and, because of its dependence on β8′ and β8″, likely requires the closed conformation of Rev7. Another potential binding partner is the transcription factor TFII-I, which is proposed to bind Rev7 and recruit Pol ζ to sites of damage through an interaction with PCNA ([@bib16]). In vitro, TFII-I can bind to a reconstituted Rev3:Rev7:Rev1 complex ([@bib16]), suggesting that the Rev7 HORMA domain may possess yet another unique protein interaction surface. Finally, one or more Rev7 interactions may be phosphoregulated: the multifunctional Dbf4-dependent protein kinase, which is required for TLS in yeast ([@bib113]), is proposed to phosphorylate Rev7 to promote Pol ζ localization to sites of repair ([@bib5]). Overall, although much work remains to tease out the details of its multiple interactions, it is clear that Rev7 is central to the assembly and function of TLS polymerases.

Although early work on Rev7 revealed its highly conserved roles in the TLS pathway, mammalian REV7 also plays a supporting role in the control of cell division. Based on sequence similarity to MAD2, human REV7 was rediscovered in 1999 and named MAD2B/MAD2L2 ([@bib6]). Later work showed that REV7 inhibits APC/C in vitro through a direct interaction with CDH1/FZR1, a paralog of CDC20 ([@bib9]; [@bib70]; [@bib46]). CDH1 directs APC/C activity after CDC20-mediated anaphase onset to promote mitotic exit and the transition to G~1~ ([@bib75]; [@bib87]). REV7 binds and sequesters CDH1 during metaphase and is targeted for degradation by APC/C-CDC20 in early anaphase, thereby releasing CDH1 ([Fig. 4 C](#fig4){ref-type="fig"}; [@bib46]). This mechanism complements other pathways for control of CDH1-APC/C interactions ([@bib75]) and is required for the proper timing of mitotic exit ([@bib46]). In an intriguing connection with Rev7's TLS functions, Rev1 is also a substrate for APC/C-Cdc20--mediated degradation at anaphase, and its ubiquitylation and degradation depend on the presence of Rev7 ([@bib11]).

Recently, Rev7 has been implicated in recombination pathway choice during DNA DSB repair. Eukaryotic cells can repair DNA DSBs by either nonhomologous end joining (NHEJ), which is highly error prone, or homologous recombination. The choice of pathway is heavily influenced by cell cycle stage, and the signaling networks controlling pathway choice have only recently become well understood. A critical step determining which pathway is used for repair is the amount of 5′-to-3′ resection that occurs at a break: the generation of a long 3′ single-stranded overhang favors homologous recombination, whereas limited resection favors NHEJ. A cascade of factors is recruited to DNA break sites, including the proteins 53BP1 and Rif1, which together inhibit end resection to promote NHEJ. Recently, two separate screens for factors governing recombination pathway choice in very different contexts identified Rev7 as another inhibitor of DSB end resection ([@bib3]; [@bib112]). Rev7 was shown to act downstream of 53BP1 and Rif1 to limit resection and promote NHEJ ([Fig. 4 D](#fig4){ref-type="fig"}), but the mechanism for its recruitment to DSB sites, and how it ultimately inhibits end resection, is currently unknown.

Finally, there are hints that Rev7 has even more roles than space here allows us to discuss, including epigenetic reprogramming of germ cells and maintenance of pluripotency ([@bib72], [@bib73]; [@bib81]; [@bib103]), heterochromatin maintenance ([@bib99]), and additional roles in mitosis ([@bib57], [@bib58]) and DNA damage signaling ([@bib117]). An important avenue for future inquiry will be to determine if these diverse roles of Rev7 are linked, perhaps by a shared cell-cycle dependence or as-yet-unappreciated common regulation in developmental pathways.

HORMA domain proteins in autophagy initiation {#s06}
---------------------------------------------

Autophagy (literally, "self-eating") is a conserved starvation-response pathway in eukaryotic cells, in which part of a cell's contents are engulfed and then degraded ([@bib61]; [@bib110]). The first step in autophagy is formation of the preautophagosomal structure or phagophore assembly site (PAS), which in *S. cerevisiae* is initiated by assembly of the Atg1 kinase complex ([@bib62]). This complex is composed of three functional units: the Atg1 kinase, the Atg17/29/31 scaffold complex, and Atg13 ([Fig. 5 B](#fig5){ref-type="fig"}). Atg13 possesses an N-terminal HORMA domain ([@bib36]) and an extended C-terminal tail with regulatory phosphorylation sites and binding sites for both Atg1 and the Atg17 scaffold complex ([@bib18]; [@bib89]). Autophagy initiation is regulated by Atg13 tail phosphorylation: in nutrient-rich conditions, the TOR kinase phosphorylates Atg13, inactivating it. In response to starvation, Atg13 is rapidly dephosphorylated, allowing the C terminus to bind both Atg1 ([@bib37]; [@bib77]) and Atg17 ([@bib38]), thereby initiating PAS formation.

![**Structure and function of Atg13 and Atg101.** (A) Structure of the *S. pombe* Atg13:Atg101 dimer (PDB ID [4YK8](4YK8); [@bib92]). Closed-conformation Atg13 is colored as in [Fig. 1](#fig1){ref-type="fig"} and open-conformation Atg101 is colored orange. (B) Role of Atg13 and Atg101 in autophagy signaling. In *S. cerevisiae* (left), Atg13 acts as a scaffold for assembly of the Atg1 complex. The Atg13 HORMA domain likely binds a downstream component (yellow) to mediate autophagy initiation; the best candidate protein identified so far is Atg9 ([@bib93]). In mammals (right), ATG13 plays a similar scaffolding role, along with ATG101, but the ATG13 HORMA domain may not be capable of binding partners because of its shortened safety belt region ([@bib76]).](JCB_201509076_Fig5){#fig5}

When the crystal structure of the N-terminal domain of budding yeast Atg13 was determined in 2013, it revealed a previously unidentified HORMA domain in a closed conformation but without a binding partner (Fig. S1 F; [@bib36]), immediately raising the question as to what this domain might bind. Recently, it was found that the Atg13 HORMA domain is required for the recruitment of Atg9-containing vesicles, a critical step in development of the PAS ([@bib93]). This was further demonstrated to be mediated by a direct interaction between the Atg13 HORMA domain and the N-terminal disordered region of Atg9, strongly suggesting that the Atg13 HORMA domain binds a motif within Atg9 in a manner equivalent to other HORMA domain proteins ([@bib93]).

In contrast to the case in fission yeast and animals (see next paragraph), budding yeast Atg13 has not been shown to form homo- or heterodimers. It has been suggested that a budding yeast--specific addition to the HORMA domain, termed the cap (Fig. S1 F), stabilizes the closed monomeric structure of Atg13 ([@bib36]; [@bib92]). On the other hand, *S. cerevisiae* Atg13 promotes self-interaction and activation of the Atg1 kinase, suggesting that budding yeast Atg13 may in fact self-associate ([@bib116]). Further work will be required to determine whether the putative self-interaction of Atg13 is mediated by the HORMA domain, through either homodimerization or HORMAD-style head-to-tail association.

Autophagy initiation in animals and the fission yeast *Schizosaccharomyces pombe* involve orthologues of Atg1 kinase (ULK1/2 in animals) and Atg13, whereas the Atg17 scaffold complex is functionally replaced by other proteins ([@bib62]; [@bib35]). These proteins include a second HORMA domain protein, Atg101, which folds into the open state and binds directly to Atg13, forming an open--closed heterodimer similar in structure to the open--closed Mad2 dimer ([@bib31]; [@bib59]; [@bib60]; [@bib76]; [@bib92]; [Fig. 5 A](#fig5){ref-type="fig"}). The dimerization interface of Atg101 is highly conserved, and disruption of the interface results in severe autophagy defects in vivo ([@bib92]). The functional significance of Atg13:Atg101 dimerization, and whether this complex is dynamic as in Mad2, is not currently known. The Atg101 safety belt is truncated, containing a β7 strand but no β8 strand, making it unlikely that the protein can adopt the open state and supporting the idea that the Atg13:Atg101 dimer is stable/constitutive ([@bib60]; [@bib76]; [@bib92]). In addition to binding Atg13, Atg101 has several unique structural features that are important for autophagy signaling. In particular, an extended loop connecting β4 and β5, referred to as the "WF finger" motif because of the presence of conserved aromatic residues, is required for autophagy and is proposed to mediate protein--protein interactions important for autophagy initiation ([@bib92]). These interactions may compensate for a proposed loss of interaction potential within the HORMA domain of Atg13 in these species: a recent structure of human ATG13 showed that this protein's safety belt is shorter than that in budding or fission yeast and may not be capable of binding peptide motifs ([@bib76]). Overall, the roles of the HORMA domains of Atg13 and Atg101 in autophagy signaling are just beginning to be explored, and it will be exciting to see how the common themes of HORMA domain structure and function contribute to signaling in this pathway.

Conclusions {#s07}
-----------

Recent years have seen great progress in defining the mechanisms of HORMA domain function in many different cellular contexts. Although originally identified as a domain shared among three protein families (Hop1, Rev7, and Mad2; [@bib2]), three additional families with the same fold have since been defined (p31^comet^, Atg13, and Atg101). Despite the great functional diversity among these families, some common themes can be drawn from the work on HORMA domain proteins to date. With few exceptions, these proteins' mechanisms are based on two types of interactions: the binding of the safety belt region around short peptide motifs and homo-/heterodimerization. The assembly and disassembly of complexes using these interactions, and the functional interplay between protein interactions and conformational changes within the domain, account for many aspects of these proteins' functions. Although each family has unique modifications and interaction modes that enable specialized functions, the core role of the HORMA domain remains remarkably constant.

There are many outstanding questions regarding the mechanisms of the known HORMA domain protein families. Chief among them, to us, is the mechanism for binding and exchange of partner proteins in those families that have not been shown to adopt an open state. Of 28 structures of HORMA domain proteins in the Protein Data Bank, 22 depict HORMA domains with their safety belts topologically embracing a binding partner; in the other six, there either is no partner bound or the HORMA domain is in the open state. The consistent observation that partners are topologically linked to the closed HORMA domain strongly supports the idea that these interactions universally involve opening of the safety belt during binding or release, be this a transition to a state like Mad2's open state or simply a transient unfolding or disengagement of the safety belt from the core. The question of whether and how HORMA domain proteins open has important implications for these proteins' mechanisms, especially when considering the dynamics of HORMA domain protein complexes during signaling pathway activation and inactivation. Overall, understanding the dynamics and mechanisms of partner protein binding, exchange, and release by each family of HORMA domain proteins will be an important avenue of future research.

Could there be additional HORMA domain proteins waiting to be identified? Our own structure-based searches of several representative genomes reveal no additional examples, but as the saying goes, "The absence of evidence is not evidence of absence." Given the functional plasticity of the HORMA domain and its consequent central roles in many different pathways, it would not be surprising to find this domain at key signaling junctures in even more pathways in the future.
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